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(57) ABSTRACT

Plasmon absorption modulator systems and methods are dis-
closed. A plasmon absorption modulator system includes a
semiconductor substrate, a plurality of quantum well layers
stacked on a top surface of the semiconductor substrate, and
a metal layer formed on a top surface of the stack of quantum
well layers. A method for modulating plasmonic current
includes enabling propagation of the plasmonic current along
a metal layer, and applying a voltage across the stack of
quantum well layers to cause absorption of a portion of
energy of the plasmonic current by the stack of quantum well
layers. A metamaterial switching system includes a semicon-
ductor substrate, a plurality of quantum well layers stacked on
a top surface of the semiconductor substrate, and at least one
metamaterial structure formed on a top surface of the stack of
quantum well layers.
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PLASMON ABSORPTION MODULATOR
SYSTEMS AND METHODS

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This mvention was developed under Contract DE-AC04-
94 AL85000 between Sandia Corporation and the U.S.

Department of Energy. The U.S. Government has certain
rights in this imvention.

FIELD OF THE INVENTION

The 1nvention relates generally to plasmonics, and more
particular, to modulators for plasmonic devices.

BACKGROUND OF THE INVENTION

In recent years, new types ol optoelectronic devices that
rely on plasmonic current (also know as surface plasmons)
have been developed. These devices include waveguides spe-
cifically adapted to confine waves of plasmons for the pur-
pose of transmitting signals. The use of plasmonic current
enables a number of advantages over conventional electric
current and photonic devices. However, effective modulation
ol plasmonic current 1s desirable for plasmonic devices to
achieve their full potential. Accordingly, improvements 1n
plasmon modulation are desired.

SUMMARY OF THE INVENTION

Aspects of the present mvention are directed to plasmon
absorption modulator systems and methods.

In accordance with one aspect of the present invention, a
plasmon absorption modulator system 1s disclosed. The sys-
tem 1ncludes a semiconductor substrate, a plurality of quan-
tum well layers stacked on a top surface of the semiconductor
substrate, and a metal layer formed on a top surface of the
stack of quantum well layers.

In accordance with another aspect of the present invention,
a method for modulating plasmonic current 1s disclosed. The
method 1ncludes enabling propagation of the plasmonic cur-
rent along a metal layer. The metal layer positioned on a stack
of quantum well layers formed on a semiconductor substrate.
The method also includes applying a voltage across the stack
of quantum well layers to cause absorption of a portion of
energy of the plasmonic current by the stack of quantum well
layers.

In accordance with yet another aspect of the present inven-
tion, a metamaterial switching system 1s disclosed. The
switching system includes a semiconductor substrate, a plu-
rality of quantum well layers stacked on a top surface of the
semiconductor substrate, and at least one metamaterial struc-
ture formed on a top surface of the stack of quantum well
layers.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention 1s best understood from the following
detailed description when read in connection with the accom-
panying drawings, with like elements having the same refer-
ence numerals. When a plurality of similar elements are
present, a single reference numeral may be assigned to the
plurality of similar elements with a small letter designation
referring to specific elements. When referring to the elements
collectively or to a non-specific one or more of the elements,
the small letter designation may be dropped. According to
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2

common practice, the various features of the drawings are not
drawn to scale unless otherwise indicated. To the contrary, the

dimensions of the various features may be expanded or
reduced for clarity. Included 1n the drawings are the following
figures:

FIG. 1 1s a perspective diagram 1illustrating an exemplary
plasmon absorption modulator system in accordance with
aspects ol the present invention;

FIG. 2 15 a cross-sectional diagram 1llustrating the modu-
lator system of FIG. 1;

FIGS. 3A, 3B, 3C, and 3D are simulated diagrams 1llus-
trating the absorption of plasmon energy by a modulator
system 1n accordance with aspects of the present invention;

FIG. 4 1s a graph 1llustrating plasmon energy as a function
ol propagation distance i1n accordance with aspects of the
present invention;

FIG. 5 1s a flowchart illustrating an exemplary method for
modulating plasmonic current in accordance with aspects of
the present invention; and

FIG. 6 1s a perspective diagram 1illustrating an exemplary
metamaterial switching system 1n accordance with aspects of
the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The exemplary systems and methods described herein are
usable for modulating plasmonic current (i1.e. surface plas-
mons) and/or switching the operation of metamaterials. Con-
ventionally, a dynamic electrical or optical tuning of plas-
monic and metamaterial response was challenging due to the
large negative permittivity of metals and the large magnitude
of metallic absorption. Such electrical control of surface plas-
mons 1s desirable in order to turn the existing static plasmonic
devices and metamaterials into tunable devices that allow a
dynamic modulation of their electromagnetic response.

The exemplary systems and methods described herein
employ a direct intensity modulation of plasmonic current, as
opposed to phase-based modulation. In particular, the dis-
closed systems and methods employ the Quantum-Confined
Stark Eftect (QCSE), as opposed to free-carrier absorption, to
achieve intensity modulation of plasmon energy.

For the purposes of the described embodiments, the QCSE
1s a shift in the band-edge absorption of a multiple quantum
well (MQW) stack under the influence of a transverse electric
field. It 1s a quantum-mechanical effect arising from a change
in the overlap of the electron and the hole wave-Tunctions due
to an applied electric field. Because of the large magnitude of
Ac. (an absorption constant) achievable by QCSE, integrating
surface plasmon waveguides with suitably designed stacks of
quantum well layers allows the realization of electrically
controlled plasmonic switching. Aspects of the present inven-
tion employ such integrations to achieve electrically con-
trolled plasmon modulation. One advantage of the disclosed
systems and methods may be the strong absorption modula-
tion provided by the QCSE.

Referring now to the drawings, FIGS. 1 and 2 1llustrate an
exemplary plasmon absorption modulator system 100 1n
accordance with aspects of the present invention. Modulator
system 100 1s usable to modulate an electrical signal onto
surface plasmon waves. As a general overview, modulator
system 100 includes a substrate 120, a stack of quantum well
layers 140, and a metal layer 160. Additional details of modu-
lator system 100 are described below.

Substrate 120 1s the base of modulator system 100. Sub-
strate 120 may be a semiconductor substrate and may include
additional components and/or interconnects designed to
function with electric current, electric voltage, and/or plas-
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monic waves. In an exemplary embodiment, substrate 120 1s
a complementary metal-oxide-semiconductor (CMOS) com-
patible substrate. Suitable materials for use 1n forming sub-

strate 120 1nclude, for example, silicon, germanium, or gal-
lium arsenide (GaAs).

Quantum well layers 140 are stacked on a top surface of
substrate 120. Quantum well layers 140 are configured to
selectively absorb energy from plasmons propagating along
metal layer 160. The absorption of quantum well layers 140
depends on the voltage applied to the stack of quantum well
layers 140. For example, when a first voltage V1 1s applied
across the stack of quantum well layers 140 (1.e. 1n the thick-
ness direction of the stack), quantum well layers 140 may
absorb a very small amount of the plasmon energy from metal
layer 160. When a second voltage V2 1s applied across the
stack of quantum well layers 140, quantum well layers 140
may absorb at least a sigmificant portion of the plasmon
energy from metal layer 160 (i1.e. 20% to 50% per micron).

The change 1n absorption of quantum well layers 140 1s
caused by the Quantum-Confined Stark Effect (QCSE), by

which the applied voltage operates to change the bandgap
between the quantum well layers 1n the stack.

Quantum well layers 140 may further be configured to
selectively absorb certain wavelengths of electromagnetic
radiation based on the materials and geometrical dimensions
selected for quantum well layers 140. In an exemplary
embodiment, quantum well layers 140 are a multiple quan-
tum well (MQW) stack. The MQW stack includes layers of
lower bandgap material, such as Ge or GaAs (depending on
the makeup of substrate 120), sandwiched between layers of
higher bandgap material, such as SiGe or AlGaAs. The MQW
stack mncludes 10-20 quantum wells, and be approximately
100-200 nm thick. The MQW stack absorbs electromagnetic
radiation having wavelengths in the range of 0.5-2.0 um,
which corresponds to the frequency of plasmons. Preferably,
the MQW stack absorbs radiation having a wavelength of
approximately 1.55 um, which corresponds to a wavelength
used for telecommunications. The MQW stack may be
formed, for example, by metal-organic chemical vapor depo-
sition (MOCVD) or molecular beam epitaxy (MBE).

Metal layer 160 1s formed on the top surface of the stack of
quantum well layers 140 and 1s configured to enable propa-
gation ol plasmons along metal layer 160. In an exemplary
embodiment, metal layer 160 may be an elongated metal strip
extending 1n a first direction along the top surface of quantum
well layers 140, as shown 1n FI1G. 1. The metal strip may have
dielectric material (e.g., a cladding layer) above the strip and
on both sides of the strip 1n order to form a waveguide for
confining plasmon waves. The metal strip may be formed, for
example, by evaporation or sputtering techmques. Suitable
materials for metal layer 160 include, for example, alumi-
num, gold, copper, and/or silver. Metal layer 160 may be
approximately 100-200 nm thick.

Metal layer 160 may include coupling structures 165, as
shown 1 FIG. 1. Coupling structures 165 are configured to
receive electromagnetic radiation (e.g., a free-space beam
from a near-infrared light source) and generate a plasmonic
current 1n metal layer 160. Coupling structures 165 are also
configured to receive plasmonic current propagating along
metal layer 160 and generate electromagnetic radiation. In an
exemplary embodiment, coupling structures 165 are difirac-
tion grating couplers. Coupling structures 165 may, for
example, have a plurality of parallel metal ridges protruding
from a top surface of metal layer 160. The example coupling
structures 165 are formed at the ends of the elongated metal
strip.
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It will be understood that modulator system 100 1s not
limited to the above-described components, but may include
alternative or additional components, as set forth by example
below.

Modulator system 100 may include a cladding layer 170, as
shown 1 FIG. 2. Cladding layer 170 1s formed surrounding
metal layer 160. Cladding layer 170 1s formed from a material
having a lower refractive index than quantum well layers 140
and metal layer 160, 1n order to confine plasmons to propa-
gate 1n metal layer 160. In an exemplary embodiment, clad-
ding layer 170 comprises a protective layer of silicon dioxide.
Other suitable materials for cladding layer 170 include low
refractive index organic materials, such as photoresist.

Modulator system 100 may also include one or more elec-
trodes 180 and a voltage source 190, as shown in FIG. 1.
Electrodes 180 are coupled directly to the stack of quantum
well layers 140. Voltage source 190 1s electrically coupled to
the at least one electrode 180. Electrodes 180 are positioned
such that voltage source 190 can apply a voltage across the
stack of quantum well layers 140. Application of a voltage by
voltage source 190 may be used to modulate the plasmonic
current propagating along metal layer 160, as will be
described 1n greater detail below. In an exemplary embodi-
ment, electrodes 180 are formed on the top and bottom sur-
faces of the stack of quantum well layers 140. Suitable mate-
rials for electrodes 180 include any conductive metal,
including those described above with respect to metal layer
160. Suitable voltage sources 190 will be known to one of
ordinary skill 1n the art from the description herein.

The operation of modulator system 100 will now be
described with respect to FIGS. 3A-3D. In an exemplary
operation, metal layer 160 recerves electromagnetic radiation
from a source (not shown) at a coupling structure 165. Cou-
pling structure 165 recerves this electromagnetic radiation
and generates a wave of surface plasmons (i.e. a plasmonic
current) that propagates along metal layer 160. In addition to
propagation within metal layer 160, the electromagnetic
fields of the plasmon wave extend a short distance (e.g.,
100-200 nm) 1nto the quantum well layers 140 beneath metal
layer 160. The operation of modulator system 100 1incorpo-
rates and uses the interaction of this field with the MQW
stack. The plasmonic current propagating along metal layer
160 1s modulated by applyving a voltage to quantum well
layers 140, which allows them to absorb energy from the
clectromagnetic fields that extend into the stack from metal
layer 160.

When voltage source 190 applies no bias across the stack of
quantum well layers 140, as shown 1n FIG. 3A, quantum well
layers 140 absorb substantially none of the energy from the
plasmonic current. In this state, the surface plasmon wave
propagates with only the intrinsic attenuation caused by metal
layer 160.

When voltage source 190 applies a bias voltage across the
stack of quantum well layers 140, as shown in FIGS. 3B-3D,
the quantum well layers 140 absorb at least a portion of the
energy ifrom the plasmonic current. The amount of energy
absorbed by quantum well layers 140 depends on the bias
applied by voltage source 190.

In FIGS. 3B-3D, the amount of absorption of plasmon
energy 1s characterized as Aa, which represents the plasmon
absorption achieved by the quantum well layers 140 per cen-
timeter of propagation along metal layer 160. The absorption
1s also shown visually through the simulated propagation of
plasmons (vertical stripes 1n FIGS. 3A-3D). As Aa. increases,
plasmon absorption increases, and plasmon intensity drops
per centimeter of propagation (along the X-axis i FIGS.

3A-3D).
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The modulation contrast with increased MQW absorption
1s further 1llustrated 1n FI1G. 4, which shows a graph of plas-
mon energy as a function of the propagation distance. In FIG.
4, the Aa=0 cm-1 line represents the unbiased, intrinsic
attenuation of plasmonic current in modulator system 100.
The intersect between this line and the vertical line, point O,
represents the insertion loss (IL) of modulator system 100
(where the active region of modulator system 100 has a length
of about 3 um). The values of the plasmon energy at the
intersection of the vertical line with the curves for various
absorption values yield the modulation depths obtained for
various applied electrical biases. Clearly, deeper modulation
depths are achievable for larger values of the tolerable IL
(corresponding to shifting the vertical line to the rnight, and
lengthening the active region of modulator system 100).

Voltage source 190 may be operated in order to modulate a
signal onto the plasmonic current that propagates along metal
layer 160. For example, voltage source 190 may selective
apply a bias voltage 1n order to selectively absorb energy from
a steady plasmonic current. The resulting plasmonic current
will have a varying energy corresponding to the signal modu-
lated by voltage source 190. FElectromagnetic radiation
including the signal may then be emitted by modulator sys-
tem 100 using coupling structure 165.

FIG. 5 1s a flowchart illustrating an exemplary method 200
for modulating plasmonic current in accordance with aspects
ol the present invention. Method 200 1s usable to modulate a
signal onto plasmonic current. As a general overview, method
200 1ncludes enabling propagation of a plasmonic current and
applying a voltage to a stack of quantum well layers. Addi-
tional details of method 200 are described herein with respect
to the components of modulator system 100.

In step 210, plasmonic current 1s enabled to propagate
along a metal layer. In an exemplary embodiment, a wave of
surface plasmons (1.¢. a plasmonic current) propagates along
metal layer 160. As set forth above, metal layer 160 1s formed
on a top surface of the stack of quantum well layers 140,
which 1s 1n turn formed on semiconductor substrate 120.

The plasmonic current may be generated at one end of the
metal layer using a coupling structure formed on the metal
layer. In an exemplary embodiment, coupling structure 165
receives electromagnetic radiation from a source (e.g., from a
near-infrared light source) and generates the wave of surface
plasmons that propagates along metal layer 160.

In step 220, a voltage 1s applied to the stack of quantum
well layers. In an exemplary embodiment, voltage source 190
applies a bias voltage via electrode 180 across the stack of
quantum well layers 140. Application of the bias voltage by
voltage source 190 causes the quantum well layers 140 absorb
at least a portion of the energy from the plasmonic current.

The voltage may be applied 1n order to 1n order to modulate
a signal onto the plasmonic current. In an exemplary embodi-
ment, voltage source 190 selective applies a bias voltage via
clectrode 180 across the stack of quantum well layers 140.
Selective application of the bias voltage causes the quantum
well layers 140 to selectively absorb the energy from the
plasmonic current. The resulting plasmonic current will have
a varying energy corresponding to the signal modulated by
voltage source 190. Electromagnetic radiation including the
signal may then be emitted by modulator system 100 using
coupling structure 165.

FIG. 6 1illustrates an exemplary metamaterial switching
system 300 1n accordance with aspects of the present inven-
tion. Switching system 300 1s usable to selectively actuate
metamaterial structures. As a general overview, switching,
system 300 includes a substrate 320, a stack of quantum well
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6

layers 340, and at least one metamaterial structure 360. Addi-
tional details of switching system 300 are described below.

Substrate 320 1s the base of switching system 300. Sub-
strate 320 15 a semiconductor substrate substantially the same
as that described above with respect to substrate 120.

Quantum well layers 340 are stacked on a top surface of
substrate 320. The stack of quantum well layers 340 1s sub-
stantially the same as that described above with respect to
quantum well layers 140.

Metamaterial structure 360 i1s formed on the top surface of
the stack of quantum well layers 340. Metamaterial structure
360 1s configured to resonate when exposed to electromag-
netic radiation. Metamaterial structure 360 has a resonant
frequency in the range of 150-600 THz, which corresponds to
the frequency of visible/near-infrared plasmons. In an exem-
plary embodiment, metamaterial structure 360 1s a split ring
resonator.

It will be understood that switching system 300 1s not
limited to the above-described components. As shown 1n FIG.
6, switching system 300 may include an array of metamaterial
structures 360. Further, switching system 300 may include
additional components, such as a cladding layer, electrodes,
and a voltage source, as described above with respect to
modulator system 100.

The operation of switching system 300 will now be
described. In an exemplary operation, metamaterial structure
360 1s exposed to electromagnetic radiation from a source
(not shown). The electromagnetic radiation causes metama-
terial structure 360 to resonate at a given frequency which
corresponds to the frequency of plasmons.

Metamaterial structure 360 may be switched on or off by
applying a voltage to quantum well layers 340. When voltage
source 390 applies no bias across the stack of quantum well
layers 340, quantum well layers 340 absorb essentially none
of the resonating energy from metamaterial structure 360
(1.e., metamaterial structure 360 1s switched “on”). When
voltage source 390 applies a bias voltage via electrode 380
across the stack of quantum well layers 340, the quantum well
layers 340 absorb the resonating energy from metamaterial
structure 360 (1.e., metamaterial structure 360 1s switched
“oif””). The amount of energy absorbed by quantum well
layers 340 depends on the bias applied by voltage source 390,
as described above with respect to modulator system 100. By
changing the amount of energy absorbed by quantum well
layers 340, switching system 300 may also be used to tune the
resonant frequency, transmission, reflection, amplitude, and/
or phase response of metamaterial structure 360.

Although the invention 1s 1llustrated and described herein
with reference to specific embodiments, the mvention 1s not
intended to be limited to the details shown. Rather, various
modifications may be made 1n the details within the scope and
range of equivalents of the claims and without departing from
the mvention.

What 1s claimed:

1. A plasmon absorption modulator system comprising:;

a semiconductor substrate having a top surface;

a variable absorption layer;

a metal layer having a length parallel to the top surface of
the semiconductor substrate and configured to enable
propagation of plasmons along 1ts length; and

a coupling structure configured to receive electromagnetic
radiation and 1n response to such received radiation to
generate a plasmonic current in the metal layer, and/or to
receive plasmonic current from the metal layer and in
response to such received current to generate and trans-
mit electromagnetic radiation;
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wherein the variable absorption layer comprises a plurality
of quantum well layers stacked on a top surface of the
semiconductor substrate;

wherein the metal layer 1s formed on a top surface of the

stack of quantum well layers; and

wherein the varniable absorption layer i1s configured to

attenuate plasmons of at least some frequencies propa-
gating along the metal layer by an amount that depends
on a voltage applied across the stack of quantum well
layers.

2. The system of claim 1, wherein the metal layer com-
prises an elongated metal strip extending 1n a first direction
along the top surface of the stack of quantum well layers.

3. The system of claim 1, wherein at least one said coupling,
structure 1s formed on at least one end of the metal layer.

4. The system of claim 3, wherein the coupling structure
comprises a diffraction grating.

5. The system of claim 1, further comprising;:

a cladding layer formed at least partially surrounding the

metal layer.

6. The system of claim 1, further comprising:

an electrode directly coupled to the stack of quantum well

layers; and

a voltage source electrically coupled to the electrode, the

voltage source configured to apply a voltage across the
stack of quantum well layers to modulate a plasmonic
current propagating 1n the metal layer.

7. The system of claim 6, wherein the voltage source 1s
configured to apply a voltage across the stack of quantum well
layers 1n order to modulate a signal onto the plasmonic cur-
rent propagating in the metal layer.

8. A method for modulating plasmonic current comprising;:

cnabling propagation of the plasmonic current along a

metal layer, the metal layer positioned on a stack of
quantum well layers formed on a semiconductor sub-
strate; and

applying a voltage across the stack of quantum well layers

to cause absorption of a portion of energy of the plas-
monic current by the stack of quantum well layers.
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9. The method of claim 8, further comprising:
generating the plasmonic current at one end of the metal
layer with a coupling structure formed on the metal

layer.

10. The method of claim 8, wherein the applying step
COmprises:

applying a voltage across the stack of quantum well layers

in order to modulate a signal onto the plasmonic current.

11. The method of claim 10, further comprising:

emitting electromagnetic radiation including the signal

from the metal layer with a coupling structure formed on
the metal layer.

12. A metamaterial switching system comprising:

a semiconductor substrate having a top surface;

a variable absorption layer; and

at least one metamaterial structure;

wherein the variable absorption layer comprises a plurality

of quantum well layers stacked on a top surface of the
semiconductor substrate;
wherein at least one said metamatenal structure 1s formed
on a top surface of the stack of quantum well layers; and

wherein the variable absorption layer 1s configured to
switch on or off an operation of at least one said metama-
terial structure in response to a voltage applied across the
stack of quantum well layers.

13. The system of claim 12, wherein the at least one
metamaterial structure comprises an array of metamaterial
structures.

14. The system of claim 13, wherein the array ol metama-
terial structures comprises an array of split ring resonators.

15. The system of claim 12, further comprising;:

an electrode directly coupled to the stack of quantum well

layers; and

a voltage source electrically coupled to the electrode, the

voltage source configured to apply a voltage across the
stack of quantum well layers to switch on or off an
operation of the at least one metamaterial structure.
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